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ABSTRACT 

 
The development and properties of reflective coatings for the x-ray offset mirror systems of the Linac Coherent Light 
Source (LCLS) free-electron laser (FEL) are discussed in this manuscript. The uniquely high instantaneous dose of the 
LCLS FEL beam translates to strict limits in terms of materials choice, thus leading to an x-ray mirror design consisting 
of a reflective coating deposited on a silicon substrate. Coherent wavefront preservation  requirements for these mirrors 
result in stringent surface figure and finish specifications. DC-magnetron sputtered B4C and SiC thin film coatings with 
optimized stress, roughness and figure properties for the LCLS x-ray mirrors are presented. The evolution of 
microstructure, morphology, and stress of these thin films versus deposition conditions is discussed. Experimental results 
on the performance of these coatings with respect to FEL damage are also presented. 
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1. INTRODUCTION 
 
The Linac Coherent Light Source (LCLS) FEL is currently being constructed at the Stanford Linear Accelerator Center 
(SLAC). LCLS is anticipated to begin operation in 2009, and will be the first x-ray FEL facility in the world in the 0.827 
to 8.27 keV photon energy region (0.15 − 1.5 nm wavelength region). The unprecedented brightness, coherence, and 
resolution properties of the LCLS will enable tremendous advances in the fields of biology, physics, and materials 
sciences. The experimental areas planned for the LCLS, each with its own dedicated end-station (hutch), include: soft x-
ray research (SXR); atomic, molecular and optical science (AMO); x-ray pump-probe (XPP); x-ray photon correlation 
spectroscopy (XPCS); coherent x-ray imaging (CXI); and materials under extreme conditions (MEC)1. The layout of the 
LCLS facility, including the experimental end-stations, has been discussed in detail in an earlier SPIE Proceedings 
publication2. The LCLS x-ray mirror systems serve two distinct purposes. The first is to dramatically reduce the amount 
of high-energy spontaneous radiation, bremsstrahlung γ-rays and their secondary products within the experimental 
hutches. The second is to physically separate the FEL beam from the spontaneous, broad-band undulator radiation that 
would contaminate the spectrally-pure, coherent FEL radiation. An elegant method for achieving the desired goals relies 
on grazing-incidence mirrors to act as a low-pass energy filter, efficiently reflecting and deflecting the FEL beam to a 
trajectory slightly offset from the primary axis of the LCLS facility. To minimize costs associated with translating 
experiments out of the FEL path, allowing the FEL beam to pass to another hutch further down stream, the LCLS x-ray 
mirror system is designed to provide several different branch lines. The initial LCLS configuration will contain three 
“lines” by using a combination of fixed and moveable reflective mirrors and splitting the 0.827−8.27 keV first-harmonic 
range into two regimes: a 0.827−2.00 keV soft x-ray band and a 2.00−8.27 keV  hard x-ray band. As has been described 
in detail in References. 2, 3, a total of four mirrors will create two soft x-ray branches,  the Soft X-ray Offset Mirror 
System (SOMS), that will deliver X-rays to the SXR and AMO hutches. Two additional mirrors will form the Hard X-
ray Offset Mirror System (HOMS), and will create the single hard x-ray branch line that will initially deliver photons to 
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the XPP and CXI hutches. Our group at Lawrence Livermore National Laboratory (LLNL) has led a team composed of 
national  labs and industry in the design, specification, fabrication and precision surface metrology of the LCLS SOMS 
and HOMS mirror systems. 
 
The LCLS physics requirements that drive the specifications for the SOMS and HOMS LCLS x-ray mirrors mirrors have 
been discussed in detail in References 2, 3 (and references therein) and are related to: 
 
1. Reflective materials specifications: One of the most unique LCLS beam properties is the extremely high peak 
brightness (~ 1032 photons*sec-1*mm-2*mrad-2 *(0.1% bandwidth)-1), which is over ten orders of magnitude higher than 
current third-generation synchrotron sources. Earlier studies4,5,6,7 indicated that only a few low-Z materials (Be, B4C, SiC 
and Al2O3) would be expected to survive the peak brightness of the LCLS FEL beam after it leaves the undulator 
enclosure.  In addition, there is a requirement for absence of absorption edges in the photon energy range of operation 
(0.827−2.00 keV for the SOMS mirrors and 2.00−8.27 keV for the HOMS mirrors), to ease the calibration of reflectivity 
data obtained from the mirrors. 
2. 3rd harmonic rejection: The reflectance of each SOMS mirror at photon energies above 2.48 keV should be less than 
20%. 
3. Mirror reflectance: Each mirror should have reflectivity  90% in the entire photon energy range of operation at the 
grazing angle of incidence of 13.85 mrad for the SOMS mirrors and 1.38 mrad for the HOMS mirrors 
4. Mirror geometry: The mirrors will have flat, planar reflective surfaces 
5. Mirror acceptance: Each mirror should be sized to accept at least 95% of the FEL beam radiation cone. 
6. Mirror surface specifications: Each mirror surface should be specified to limit degradation of the transverse coherence 
of the FEL beam. In addition, each mirror should not reduce the FEL beam intensity by more than 20% or broaden its 
divergence by more than 10%. 
 
Requirements no. 1, 2 and 3 above, combined with the state-of-the-art in vendor capabilities to polish/figure specific 
materials, resulted in a design for the SOMS mirrors consisting of a Si substrate followed by a 50-nm thick B4C 
reflective coating, and a design for the HOMS mirrors consisting of a Si substrate followed by a 50-nm thick SiC 
reflective coating.  Requirements no. 4, 5, 6 above, resulted in the surface figure, mid-spatial frequency roughness 
(MSFR) and high-spatial frequency roughness (HSFR) specifications summarized in Table 1. The size of the SOMS 
mirror was defined as 250 mm (length)×30 mm (width) ×50 mm (height), with a clear aperture (illuminated area required 
to meet surface specifications) of 175 mm ×10 mm. The size of the HOMS mirror was defined as 450 mm (length)×30 
mm (width) ×50 mm (height), with a clear aperture of 385 mm ×15 mm. The slope and height error specifications in 
Table 1 apply to the tangential direction, after subtraction of any spherical-term figure error component. The mirror 
surface figure is especially crucial in meeting the requirements for coherence preservation of the LCLS FEL beam. 
Achieving the surface specifications for the mirror substrate figure and finish in Table 1 is a daunting task and is truly 
pushing the limits of the state-of-the-art in Si substrate manufacturing and metrology. Surface metrology results from the 
SOMS Si substrates are discussed in detail in Ref. 3. The mounting design and other opto-mechanical and thermal 
considerations for the SOMS mirrors are discussed in detail in Ref. 8. 

20 nm to 2 μm≤ 0.4 nm rmsHSFR

2 m to 1 mm≤ 0.25 nm rmsMSFR

≤ 0.25 rad rmsSlope Error
1 mm to Clear 

Aperture

≤ 2.0 nm rmsHeight Error
Figure

Spatial 
WavelengthSpecificationError Category

 
Table 1: Surface specifications for the figure, MSFR and HSFR of the SOMS and HOMS Si substrates. All 
specifications are applicable within the substrate clear aperture area, 175mm × 10 mm (SOMS mirrors) and 385 mm × 
15 mm (HOMS mirrors). 
 



 

One of the most important requirements for the 50 nm-thick B4C reflective coating for the LCLS SOMS mirrors and the 
50-nm thick SiC coating for the LCLS HOMS mirrors is to preserve the figure of the Si substrate specified in Table 1. 
Given that the figure errors of the substrate and subsequent reflective coating are uncorrelated and thus add in a quadratic 
fashion, the thickness variation of the B4C (or SiC) film should be < 1 nm rms (i.e: about half of the substrate figure 
specification) across the 175-mm length of SOMS (or 385-mm length of HOMS) mirror clear aperture, in order for the 
B4C (or SiC) coating thickness variation to not have a significant contribution to degradation of the mirror figure. 
Moreover, the coating is required to preserve the MSFR of the Si substrate specified in Table 1. The coating contribution 
to HSFR should allow for about  90% reflectance per mirror, as is specified in Section 1.  The stress of the coating 
should be sufficiently low (  1 GPa, for a 50-nm thick coating) to prevent delamination from the substrate and to 
maintain the overall figure deformation of the coated mirror within the specification of 2 nm rms. As is the case with all 
reflective coatings for x-ray optics, the top surface of the B4C (or SiC) film should be stable against contamination 
(oxidation, hydrocarbons), to maintain consistent reflective performance over time. Experimental results on the SOMS 
B4C coatings and HOMS SiC coatings addressing all the above properties and requirements are presented in Sections 2 
and 3 of this manuscript, respectively. Experimental results on damage properties of  SiC and B4C coatings are discussed 
in Section 4. 
 
 

2. BORON CARBIDE REFLECTIVE COATINGS  FOR THE LCLS SOMS MIRRORS 
 
As is discussed in Section 1, B4C was chosen as the reflective coating material for the LCLS SOMS mirrors mainly due 
to the predicted high damage threshold against the LCLS FEL beam compared to other coating materials, combined with 
the good reflective performance and absence of electronic absorption edges in the 0.827-2.00 keV SOMS energy range 
of operation. For the SOMS mirrors operating at 13.85 mrad grazing incidence angle, it was determined through 
modeling that the optimum thickness of the B4C coating is about 50 nm, to ensure good reflective properties and 
adequate suppression of the higher harmonics of the FEL beam.  Although there is significant literature on sputtered B4C 
(in the sub-nm to nm thickness range) used as barrier or constituent layer for EUV/x-ray multilayer coatings, there is 
only limited prior work9,10,11,12 on the physical and optical properties of single-layer, sputtered B4C films in the 50-nm 
thickness range as EUV/x-ray reflective coatings. Specifically in the SOMS photon energy range of operation (0.827-
2.00 keV), the experimental reflectance properties of grazing incidence x-ray mirrors with such B4C coatings have  not 
been investigated previously, until our recent work on the SOMS mirror coatings3. 
 
B4C coatings with thickness in the 50-nm range were deposited at LLNL on (100)-orientation Si wafer substrates with 
nearly ideal HSFR (about 0.05 nm rms). A planar DC-magnetron sputtering system for large-area, ultra-precise EUV/x-
ray coatings13 was used for these depositions. The same system was ultimately used for the deposition of B4C coatings 
on the actual SOMS mirror substrates. The stress of a B4C film made using nominal deposition parameters (1 mTorr 
pressure of the Ar processing gas) was -2.3 GPa (compressive), which was deemed quite severe but was anticipated, 
since B4C is known as one of the most compressively stressed materials in the literature. Although no delamination or 
other degradation has been observed on several such B4C films aged for over three years after deposition, this level of 
coating stress was considered a risk for the actual SOMS mirrors. By especially modifying the deposition parameters  
(increasing the Ar sputtering pressure to10 mTorr), ~50-nm thick B4C films with lower stress by a factor of 2 (-1.1 GPa) 
were produced.  Although other techniques exist for stress mitigation (such as introducing compensating layers of 
different materials, etc), this method was chosen because it maintains the original B4C film stoichiometry and does not 
involve other materials, which could be a concern for the damage-resistance of these coatings to the high instantaneous 
dose of the LCLS. The HSFR (in the spatial frequency range specified in Table 1) of the aforementioned B4C coatings 
was measured by Atomic Force Microscopy (AFM). A Digital Instruments Dimension 5000TM AFM instrument was 
used in the measurements, equipped with an acoustic hood and vibration isolation, resulting in a noise level of 0.03 nm 
rms. The instrument is operated in tapping mode which measures topography in air by tapping the surface with an 
oscillating probe tip. The probe tips were etched silicon, with a nominal tip radius of 5-10 nm. AFM scans of 2 2 m2 

and 10 10 m2 were performed and the data from each scan were stored in a 512 512 pixel array. Figure 1 shows a 
500 500 nm2 detail from the 2 2 m2 AFM images obtained on each of the two ~50-nm thick B4C films. The AFM 
images indicate an increase in roughness, demonstrated  as an increase in the size of the grains of the B4C films, between 
the two sputtering pressures. This change in morphology between the lower sputtering pressure (1mTorr) and higher 
sputtering pressure (10 mTorr) B4C films is consistent with a “zone 1/zone T” structure model proposed by Thornton14. 
According to this model, in the low-temperature regime which is applicable for these B4C films, the working gas (Ar) 



 

pressure during film deposition is one of the major factors determining the energy and momentum delivered to the 
surface by the sputtered species. A simplified way to explain the relationship between gas pressure and film roughness 
would be to think that lower sputtering gas pressures result in fewer collisions/scattering between the sputtered material 
and the working gas species, thus resulting in higher average energy of the sputtered material upon arrival on the 
substrate surface, and in deposition angles close to the normal direction from the substrate surface. This regime allows 
the arriving species to efficiently “arrange” themselves on the film surface, resulting in lower roughness. The reduction 
in compressive stress of the 10 mTorr film compared to the 1 mTorr film can also be explained using the same 
phenomenology, including the “atomic peening” effect of energetic particles on the growing film15: lower process gas 
pressures result in bombardment of the film surface by highly energetic particles (atomic peening), resulting in the 
growth of compact films with compressive stress. Higher process gas pressures cause less atomic peening, resulting in 
less compact films containing a larger number and size of atomic-scale voids, as is evident in the AFM images in Figure 
1. Through these voids the compressive stress can relax towards the tensile direction16, as is the case between the two 
B4C films discussed in this manuscript.  Large-angle x-ray diffraction measurements were performed on both B4C films 
and characteristic crystalline peaks were not found, indicating amorphous structure. Figure 2 shows the Power Spectral 
Density (PSD) curves from the two types of B4C films deposited under two different Ar pressure conditions. The power 
spectral density (PSD) was computed17 from the height data in each of the 2 2 m2 and 10 10 m2 AFM scans obtained 
on each film. Each PSD curve was formed by first calculating a two-dimensional Fourier power spectrum of the height 
data, and the spectrum was then averaged azimuthally around zero spatial frequency to produce a PSD with purely radial 
spatial frequency dependence. This approach works well for quasi-isotropic surfaces, such as the B4C films discussed in 
this manuscript.  The PSD curves in Figure 2 illustrate the roughness evolution vs. spatial frequency for each of the two 
B4C films. The root-mean-square (rms) roughness   is obtained by the expression 
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where f is the spatial frequency, S(f) is the surface PSD, and f1, f2 define the spatial frequency range of interest. For the 
HSFR, where f1 = 5 10-4 nm-1   and f2 = 5 10-2 nm-1 as defined in Table 1,  was computed according to eq. (1) by 
combining PSD curves from 10 10 m2 and 2 2 m2 AFM scans. The intrinsic HSFR of the B4C film deposited under 
nominal conditions (1 mTorr Ar pressure) was found to be 0.15 nm rms, while the HSFR of the B4C film deposited at 10 
mTorr was 0.47 nm rms. A comprehensive study of the morphology and stress evolution of B4C films across a wide 
range of sputtering pressure and film thickness settings will be given in an upcoming publication.18 
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Figure 1: A 500 500 nm2 detail is shown from the 2 2 m2 AFM scans obtained on  a 56.5 nm –thick B4C film 
deposited at 1 mTorr Ar sputtering pressure (left) and a 54.2  nm –thick B4C film deposited at 10 mTorr Ar sputtering 
pressure (right). The measured HSFR was 0.15 nm rms (left) and 0.47 nm rms (right). The measured film stress was -2.3 
GPa (left) and -1.1 GPa (right). See also Figure 2. 
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Figure 2: PSD curves and HSFR values derived from 2 2 and 10 10 m2 AFM data for a 56.5 nm-thick B4C film 
deposited at 1 mTorr and a 54.2 nm-thick B4C film deposited at 10 mTorr Ar sputtering pressure. See also Figure 1. 
 
To verify the B4C film composition, Rutherford backscattering (RBS) measurements were performed on B4C films 
deposited at both 1 mTorr and 10 mTorr Ar sputtering pressure. The RBS measurements indicated atomic ratio 
boron:carbon = 3.7:1, with 6% (atomic) oxygen present, averaged across the entire film thickness. The boron:carbon 
ratio is very close to the prescribed stoichiometry (4:1) of the sputtering target material and the overall composition 
(including the oxygen content) is consistent with earlier results reported in the literature for sputtered B4C thin 
films19,20,21,22,23,24,25,26. It was determined that the source of the 6% oxygen in the films is most likely the B4C sputtering 
target (i.e: oxygen was incorporated during target fabrication), as opposed to oxygen being present in the environment 
during deposition. This is further supported by the observation that films of other materials made in the same deposition 
chamber under similar conditions and tested by RBS show only a fraction of a percent atomic oxygen concentration. 
Through the RBS measurements it was also determined that the density of the sputtered B4C films is 2.28 g/cm3, which 
corresponds to 90% of the bulk density of a B4C crystal (2.52 g/cm3). The RBS analysis results were identical for B4C 
films deposited at both 1 mTorr and 10 mTorr Ar sputtering pressures. Since the chemical composition of the top surface 
of a reflective film used at grazing angles of incidence is crucial in the understanding  of  its x-ray reflectance properties, 
X-ray Photoelectron Spectroscopy (XPS) was also performed. XPS on a B4C sample deposited at 10 mTorr and aged for 
about one month indicated that the top 9 nm of the film are oxygen- and carbon- rich ( boron=64%, carbon= 22%, 
oxygen=13%, atomic) with the oxygen and carbon concentrations rapidly diminishing with increasing depth from the top 
surface. RBS and XPS measurements were performed by Evans Analytical Group (Sunnyvale, California).  The 
refractive index (optical constants) of the B4C films was also determined experimentally via photoabsorption 
measurements in the 30-770 eV photon energy range, performed at beamline 6.3.2 of the Advanced Light Source (ALS) 
synchrotron at Lawrence Berkeley National Laboratory (LBNL). The measurements resulted in updated values for the 
optical constants of sputtered B4C, and NEXAFS structure was revealed in the vicinity of the boron, carbon and oxygen 
K edge energy regions27.  
 
The 50-nm thick B4C film with 0.47 nm intrinsic HSFR and -1.1 GPa stress was ultimately selected as the optimum 
coating for the LCLS SOMS mirrors, due to the significantly lower stress of this modified B4C film, as explained above. 
As is also discussed in detail in Ref. 3, this B4C film meets the x-ray reflectance requirements discussed in Section 1, and 
has been predicted -and experimentally verified- to induce a figure deformation with a spherical-term-like shape on the 
SOMS substrate, which can be corrected using a special bending mechanism during final assembly of the SOMS 
mirrors8. Ref. 3 also discusses the HSFR evolution of the SOMS B4C coating on a substrate with arbitrary roughness, 
and HSFR prediction using a stochastic thin film growth model28. It was found that the B4C coating  affects the HSFR 
for spatial frequencies  greater than 2 10-3 nm-1. In the rest of the HSFR and in the MSFR ranges, the B4C coating 



 

replicates the topography of the Si substrate, as has also been demonstrated on earlier DC-magnetron sputtered coatings 
of various single-layer and multilayer materials deposited under similar conditions29,30. In Ref. 3, a test Si subsrate with 
HSFR = 0.36 nm rms was coated with a B4C film using the SOMS deposition parameters. The HSFR of the B4C-coated 
top surface was measured at 0.79 nm rms. Since the measured HSFR of the SOMS Si substrates that have been chosen 
for installation is in the 0.3-0.5 nm rms range (i.e: close to the HSFR of the Si test substrate mentioned above),  the 
HSFR of the B4C coated Si substrate should be representative of the SOMS mirrors. All SOMS Si substrates have been 
delivered and characterized by precision surface metrology at LLNL, and the B4C depositions for SOMS mirrors have 
been completed. Using a special methodology developed for the SOMS mirrors and discussed in detail in Ref. 3, the 
thickness variation of the B4C coating across the SOMS 175 mm-long CA was minimized, and resulted in a coating-
added figure error of  < 0.14 nm rms3, which is well within the 1 nm rms specification discussed in Section 1. Initial 
post-coating interferometry results on the SOMS mirrors confirm that the B4C coating indeed does not affect the overall 
figure error.  
 

3. SILICON CARBIDE REFLECTIVE COATINGS FOR THE LCLS HOMS MIRRORS 
 
In a manner similar to the selection of B4C for SOMS, SiC was chosen as the reflective coating material for the LCLS 
HOMS mirrors mainly due to the predicted high damage threshold against the LCLS FEL beam compared to other 
coating materials, combined with the good reflective performance and absence of electronic absorption edges in the 2.00-
8.27 keV HOMS energy range of operation.  For the HOMS mirrors operating at 1.35 mrad grazing incidence angle, the 
optimum thickness of the SiC coating was also found to be 50 nm, to ensure that the reflective requirements in Section 1 
are met. SiC coatings with thicknesses in the 50-nm range were deposited at LLNL on (100)-orientation Si wafer 
substrates with nearly ideal HSFR (about 0.05 nm rms), using the deposition system discussed in Section 2, which was 
also used for the deposition of SiC coatings on the actual HOMS mirror substrates. The stress of a SiC film made using 
nominal deposition parameters (1 mTorr Ar pressure) was -1.7 GPa. Although lower than the -2.3 GPa stress measured 
for the B4C films deposited at 1 mTorr as discussed in Section 2, this level of coating stress was still considered a risk for 
the actual HOMS mirrors. By increasing the Ar sputtering pressure to 3 mTorr, ~50-nm thick SiC films with lower stress 
by a factor of 2 (-0.8 GPa) were produced.  The HSFR (in the frequency range specified in Table 1) of the 
aforementioned SiC coatings was measured by AFM, using the same instrument and methodology presented in Section 
2. Figure 3 shows the Power Spectral Density (PSD) curves from the two types of SiC films deposited under two 
different Ar pressure conditions. 
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Figure 3: PSD curves and HSFR values derived from 2 2 and 10 10 m2 AFM data for a 46.3 nm-thick SiC film 
deposited at 1 mTorr and a 53.4 nm-thick SiC film deposited at 3 mTorr Ar sputtering pressure.  
 



 

 

The intrinsic HSFR of the SiC film deposited under nominal conditions (1 mTorr Ar pressure) was found to be 0.13 nm 
rms, while the HSFR of the SiC film deposited at 3 mTorr was 0.30 nm rms. The change in morphology and the trend of 
lower stress and increased HSFR with increasing Ar sputtering pressure for these SiC films can be understood with the 
mechanisms and models discussed in Section 2. RBS measurements were also performed on SiC films deposited at 
3mTorr Ar sputtering pressure. The RBS measurements indicated atomic ratio silicon:carbon = 1:1.04, with 5% (atomic) 
oxygen present, averaged across the entire film thickness. The silicon:carbon ratio is very close to the prescribed 
stoichiometry (1:1). The source of the 5% oxygen in the films is most likely the SiC sputtering target (i.e: oxygen was 
incorporated during target fabrication), as was also discussed in Section 2.Through the RBS measurements it was also 
determined that the density of the sputtered SiC films is 2.98 g/cm3, corresponding to 94% of the bulk density of a SiC 
crystal (3.17 g/cm3). The 50-nm thick SiC film with 0.30 nm rms intrinsic HSFR and -0.8 GPa stress deposited at 3 
mTorr was ultimately selected as the optimum coating for the LCLS HOMS mirrors, due to the significantly lower stress 
and relatively low HSFR of this modified SiC film. The HOMS Si substrates are currently being delivered and 
characterized by precision surface metrology at LLNL, and the SiC depositions for HOMS mirrors are underway. Using 
the methodology discussed in detail in Ref. 3, the thickness variation of the SiC coating across the HOMS 385 mm-long 
clear aperture was minimized experimentally, and resulted in a coating-added figure error < 0.34 nm rms, well within the 
1 nm rms specification discussed in Section 1.  
 

4. FEL DAMAGE OF BORON CARBIDE AND SILICON CARBIDE THIN FILM COATINGS 
                                                                                                                                                     
We define damage as anything that can cause degradation or failure of an optic. Possible damage mechanisms include 
melting, phase change, high-pressure effects such as spallation or shear, thermal stress and fatigue, and photochemical 
processes.  Theoretical analyses of x-ray processes and experience from optical laser-matter interaction studies suggest 
that the expected damage threshold is at or substantially below the melt threshold.  Low-Z materials with high melting 
points are expected to exhibit a high damage resistance since they absorb less, so that the energy density is smaller, and 
they are mechanically stable.  Since x-ray FELs are not available yet, we have performed single-pulse damage 
experiments on existing light sources, including the EUV FEL FLASH in Hamburg, Germany.  We found that the 
damage threshold in bulk B4C and SiC samples is somewhat higher than the expected melt threshold7, which supports 
the main tenet for designing the x-ray optics with B4C and SiC coatings.  Furthermore, we found the single-pulse damage 
threshold in thin films generally to be smaller than for bulk materials, and that the damage thresholds increase for shorter 
wavelengths between 32 and 13.5 nm31.  We also performed multiple-pulse damage experiments on B4C thin films, using 
the temperature profile in the structure as the point of comparison to the XFEL case.  In these experiments we found the 
single-pulse film damage threshold to be about two times lower than the value we found in the FLASH experiments, and 
the multiple-pulse film damage threshold was lower by another factor of two to three32.  Figure 4 summarizes the 
aforementioned results.  All the damage doses we found in the experiments are significantly higher than the doses that 
are expected to occur in the SOMS and HOMS mirror systems at LCLS. 
 

5.   SUMMARY AND FUTURE WORK 
 
The LCLS SOMS and HOMS x-ray mirror systems have been designed and constructed, and B4C and SiC reflective 
coatings have been developed for the SOMS and HOMS Si substrates respectively. Each coating has been especially 
optimized and modified to satisfy stringent requirements for low stress, high reflectance and coherent wavefront 
propagation of the LCLS beam. We have ongoing research towards better understanding of thin film and mirror substrate 
damage properties under peak power FEL conditions.  We have also incorporated precision metrology results obtained at 
LLNL on SOMS and HOMS mirrors into first-principles wavefront propagation models for the LCLS beam, and have 
predicted the LCLS focal spot structure; we will report on these results in upcoming publications33. 
 
 



 

 

 
Figure 4: A summary of damage experiment results on B4C and SiC films is plotted. The damage experiments were 
performed in the EUV wavelength region (FLASH facility, single-shot exposures) and at 308 nm (excimer laser, 
multiple-shot exposures)7, 31,32. The theoretical B4C and SiC melt thresholds are shown as horizontal lines. 
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